Timber bridges are used on a1l types of raillines including important main transcontinental routes. The large number of these structures makes it critical that the limited maintenance funds available be targeted to structures in greatest need of repair. A combined structural dynamic and ultrasonic inspection approach has been proposed for identification of suspect structural members and in-situ evaluation of suspect elements [1] . Results of preliminary field tests were presented which showed the potential for this technique. Dynamic excitation of the system is used for a global test to identify suspect elements in the hridge system. Ultrasonic inspection is used for more extensive local evaluation of the suspect elements identified in the global testing. Preliminary testing of a single hridge memher using an ultrasonic technique was shown to he possihle under field conditions. This work extends these concepts to a small scale lahoratory investigation to test the validity of the method used. The concept of higher order elastic coefficients for strength prediction is explored. It is found that the performance of these measures is not superior to the prediction of strength hy elastic coefficients. Initial ideas are presented on the apparent success of techniques used in commercial testing equipment which use purely elastic measures of the properties of wood. These elastic properties are used for the prediction of wood strength hy wood scientists. Future areas of exploration are suggested.
MOTIVATION
While timher is not commonly used as a material for critical highway hridge structures, rail traffic depends on a large number of hoth long and short timber hridges. Some ofthese hridges are nearly 100 years old. Typically, these railroad hridges have heen in continuous use although they may have been either partially or extensively rehuilt at periodic intervals. Bridge maintenance has been less consistent off of the main lines with the result that equipment and personnel may he at risk. Changes in the husiness environment of the railroads have resulted in operational changes which significantly affect the use of timher railroad hridges. These changes have made evaluation of the safety and reliahility of timber rail structures critical to the efficient operation of railroads. A similar situation also exists outside the United States which has raised inspection concerns regarding older timher railroad bridges [2] . While the use of wood treatments has extended the usefullife of timber, decay remains the primary mechanism of timher bridge deterioration [3] . Decay is defmed as a process which adversely alters wood properties and can be attributed to two primary causes, biotic (living) agents and physical (non-living) agents. The mechanisms of decay are complex, however this investigation considers a somewhat simpler problem. The current work simply investigates the strength of the wood which directly impacts the integrity. of the structure.
Increase in Axle Loading
The most important operational change affecting timher has been an increase in the allowable axle loadings for railcars. For many years axle loadings remained constant at 30 tons. Doublestackcontainer trains now regularly run 35.7 ton axle loadings with an additionall0-20% increase in axle loadings projected between now and the turn of the century [4] . This increase is due to the competitive environment in which railroads function and changes in rail dynamics technology which have allowed trains to operate safely with higher axle loadings. The result is that many aging rai1 structures undergo a dynamic proof test each time a piece of modern rai1 equipment passes over a timher bridge.
Limited Maintenance Funds: Repair-for-Cause Sufficiently conservative bridge design and maintenance could ensure the reliability of these aging timher rail structures. However since this level of conservatism in bridge design and maintenance is unsustainable in the current business climate, alternative strategies which ensure the operational safety of the railroad must be identified. These operational strategies must center around a repair-for-cause approach to bridge maintenance. Structures can no Ionger be scheduled for a complete rebuild at a predetermined time. lnstead repair and replacement must be scheduled using a priority based decision making process. The bridges which are unsafe or have significant deterioration must be identified in a low cost and efficient manner using a sound technological basis, that is, modern inspection and evaluation. When repairs are made, critical components of the bridge which have deteriorated must be identitied for replacement. Preliminary studies by the authors have begun to address both of these needs by considering both global and local tests of the bridge and its components.
S1RENGTH VS. ELASTIC PROPERTIES
Information regarding the ultimate strength of bridges is required for appropriate allocation of railroad maintenance funds. Unlike some other applications, in this case the elastic modulus of the material is of only peripheral interest The important aspect of structure is the ultimate strength of individual members which in turn control the strength of the structure. The development of tests which directly measure the ultimate strength of a member or a structure is a fundamental challenge facing the field of applied non-destructive testing. Indirect measurements however often suffice as long as it can be shown that these indirect measurements show a strong correlation to the strength of the structure.
Extrapolation of Linear Tests to "Strength"
A number of tests are available which may be used to characterize wood, concrete and other structural materials. Measurements of the response to static or dynamic loading or investigations of propagating waves may be used to measure the elastic response of the material or structure. Less direct measurements are also used. An example of a less direct measurement is radar which determines the dielectric properties of the material which has been shown to correlate to mechanical properties in some applications. At times, investigators and vendors of standard test equipment have tended to assert a strong correlation between the measured quantities and the strength of the tested material when the correlation is not well established. Theseclaims are questionable given that the test either measures a property which may be only loosely correlated to strength, such as the dielectric properties, or the dependence of the tests on low amplitude input signals. Such low amplitude tests, in the case of dynamic or ultrasonic testing, typically employ small oscillations of the load either at the zero point or in a positive direction above zero Ioad. These types of tests effectively measure the modulus of elasticity of the material. The modulus of elasticity may be important if loading in the linear region can result in a "failure" such as a loss of clearance in a machine. In timber, rot in specific timber elements may also be detected by a reduction in signal amplitude or velocity due to softening of the timber. This technique is employed in both ultrasonic and impact-echo commercial timber testing instrurnents. Any correlation to strength which has been demonstrated is likely to be a result of the correlation of gross degradation and strength. However this type of test requires significant extrapolation of the measurements if used to predict the ultimate strength of a material. Thus material strength variation, indicating potentially critical problems, can be overlooked. Particularly in timber, a complex combination of the distribution of defects would be expected to dominate failure of mechanisms in the material. The ultrasonic velocity would be an indirect measurement of the defect distribution in the material, however the physicallinkage is quite weak. Acousto-ultrasonic methods have also been proposed as an alternative method of determining the strength of utility poles and other wood systems [5] . These efforts have shown promise although initial investigations have focused primarily on the detection of large holes which would be expected in gross deterioration of utility poles. Such a use of more complex quantities to describe the interaction of the waves and the materials shows promise, however the physics of the relationship is as yet unproven.
LOCAL TESTING: UL TRASONIC VELOCITY IN LOADED MEMBER
The amount of non-linearity of the load defection curve would be likely to provide a better measure of the strength of the material than simply the modulus measured near the zero Ioad point (Figure 1) . By making measurements of the wave speed in a loaded and unloaded member the difference in velocity can be used to determine the extent of nonlinearity present in the loading of the wood. The difference in the measured elastic modulus between the loaded and unloaded state may be referred to as higher order elastic coefficients. If the higher order elastic modulus is measured at some pre-determined level of Figure 1 . Stress slrain non-linearity. stress, a high degree of nonlinearity would be expected to be a predictor of failure at a lower Ioad than a member which showed only a small degree of non-linearity. Initial results explored the ability to measure differences in velocity between an unloaded and a loaded bridge member under field test conditions. Such a test was considered to be necessary because of the brittle nature of wood. In a brittle material such as wood, measurable nonlinearity may not be present, particularly in dried timber such as used in the railroad bridges. By determining non-linear properties are measurable under field conditions the potential for the use of this material characteristic could be established. Continuation of the work is an evaluation of the Ievel of correlation between strength and measurements associated with the elastic coefficient and higher order elastic coefficients. The measurement of wave speed in both loaded and unloaded conditions is used as a measure of modulus to evaluate the integrity of wood elements.
Higher Order Elastic Coefficients Concept: Initial Field Test
Ultrasonic roller transducers were used over a gage length of 30 cm. with nominal transducer center frequency of 500 kHz. Time delay calculations used the cross-correlation to measure the average group delay. Loading of the member was facilitated by placing a locomotive over the ultrasonic test section, Figure 2 . UHrasonie signals acquired from the field tests with and without member loading are shown in Figure 3 . The top of the member is in compression which was associated with an increase in the group velocity of the ultrasonic wave. The time delay associated with the average group velocity decreased by 3. 72 Jlsec. when the member was in compression. The bottom of the member which is in tension showed an increase in the travel time of 1.16 Jlsec. over the unstressed configuration. In both cases the gage section was held constant at 30 cm. The wave speed used in this case can be approximated as the velocity of a longitudinal wave in an unbounded media with orthotropic symmetry. The wave is assumed to propagate along the direction of the grain, an axis of symmetry, and depends not only on the modulus of elasticity in the direction of the grain but also on the density and Poisson's ratio as Figure 2 . Field Acquisition of ultrasonic data from loaded bridge member. measured across the axis of the grain. The change in time delay can then be seen to indicate a change in these factors. The measurement of higher order elastic coefficients which has been shown to differ in compression and tension has been made under field conditions. This established the potential for the use of such a measurement if a correlation to strength is found to exist. Additional basic work to investigate both the physics of the measurement and the correlation to strength can rely on the ability to make these field measurements.
Higher Order Elastic Coefficients Concept: Labaratory Test
While initial field testing clearly indicated that higher order modulus testing was possible, it was yet unproven that this measurement represented any improvement over the traditionallinear modulus testing of wood. Controlled laboratory tests were needed to determine if the higher order modulus had any significant correlation to the strength of timber. Tests using a sample set with sufficient nurober of samples can be used to accurately represent this highly variable material.
The tests were conducted using 4x4 inch kiln dried 12 foot Douglas Fir samples. The samples were tested in a four point bend fixture using servo-hydraulic actuators to load the samples at two points. Vertically stiff roHer supports were used at approximately 11 112 foot spacing. For each of the samples the ultrasonic velocity was measured under both nominalloaded and unloaded conditions. Two dead weight loads of 95 lb. were placed at the loading locations on the supported samples and the ultrasonic velocity was measured in the tension and compression areas of the wood. The ultrasonic velocity was also measured along the neutral axis of the sample and in an unloaded state.
Ten samples were measured with one sample being designated as a reference.
Primary interest in this case was measurement of the deviation from the typical sample.
Thus, a single sample was designated as a reference and the remaining measurements were made relative to this sample. Absolute measurements would be of limited interest at this point in the investigation since correlation to the value of the strength would be more difficult. If a simple variation from nominal strength is obtained then the needs of the bridge system evaluation are met. Time delays were measured using the standard cross-correlation method. This method of measuring the relative time delay has an accuracy which is limited only by the sampling rate of the signal given a sufficiently high signal to noise ratio [6] . The use of the cross-correlation contrasts with the practice in commercial instruments of determining the arrivaltime of a signal by use of a fixed voltage threshold. A voltage threshold measurement is significantly impacted by factors other than the pulse velocity such as the degree of material or geometric dispersion and the attenuation of the material. Figure 4 shows an example of the possible impact of using a voltage threshold as an estimate of the delay time associated with the group velocity of the wave. Using a fixed 30 millivolt threshold will result in a shift in the delay time if the attenuation of the first peak increases slightly over a comparable sample. Even a small increase in material attenuation can cause a measured time shift of a full period of the wave. Similarly, if the dispersion characteristics of the sample of material change slightly, the peak amplitude of the wave may be significantly alteredas well. Removing the impact of these other factors from the measurement of pulse velocity is important to clearly understand the mechanics of the measurement Figure 5 shows a comparison of the measurands to the ultimate strength and deflection of the samples in the four point bend ftxture. The unstressed data is a pulse velocity measurement using the cross-correlation of the signals to obtain the time delay. The stressed value is the nominalloaded case described above. Ultimate strength (load in Figure 5 ) and deflection at failure ( deflection in Figure 5 ) are defined as the first loss of load carrying capacity by the sample. Visually the pulse velocity and loaded pulse velocity data appear to have limited correlation with the strength of the sample. For the pulse velocity this lack of correlation is understandable since the samples fail at very different displacements. Young's modulus only predicts the strength of a material ifthe strain at failure is consistent. Data from the tests (shown in Figure 6 ) indicates that the deflection at failure (for samples of the same dimensions) varies by a factor of two. However, the stressed modulus of the material appears to be no better at predicting the strength of the sample. Statistical evaluation of the correlation of the two measurements to the strength of the wood shows that in neither case is the correlation significant. In particular, higher order wave speed is no betterat predicting the strength of the wood than the unstressed wave speed. The brittle behavior of the wood dominates the response of the samples which eliminates any potential advantage of the stressed measurement of velocity. 
STRENGTH METERS
Commercial pulse velocity instruments have been used extensively to determine the strength of timher elements. The customers for such units are typically wood scientists for whom a correlation with strength is accepted. This use continues in spite of a lack of direct physical association hetween strength and pulse velocity. Success in the prediction of strength may however be a result of the comhined measurements which result from the use of a voltage threshold to determine the velocity. Because of the method of measurement of the velocity, the measurand comhines the amplitude and the velocity of the propagating wave as shown in Figure 4 . The factors which would tend to influence the amplitude and velocity would include wood density and the distrihution of defects in the material. The method is typically descrihed as a measure of the elastic modulus of the material, a description which was accepted at face value. It was hypothesized that this measurement could be improved upon by mov.ing beyond the linear range of testing through the use of a preload. This hypothesis proved to be false. The question then arises, what is the source of the observed correlation between strength and wave velocity? lt may be that a partial explanation for any observed correlation between strength and pulse velocity may be accounted for by the use of the voltage threshold for the measurement of the time delay. By including the amplitude in this measurement as shown in Figure 4 , a measurement more effective than just wave velocity may result Since failure of the wood is typically related to inhomogeneities, the loss in amplitude associated with the inhomogeneitles may be the source of more successful prediction of timber strength. Such a combined measurement of attenuation and velocity is problematic since the sensitivity to amplitude changes is focused on small differences in attenuation which will cause a signal to drop below the trigger threshold (as shown in Figure 4) . The observed success of this measure suggests that use of amplitude measurements may make it possible to better predict the strength of a timber specimen. 1t thus remains to separate the measurement of amplitude and velocity to enable the correlation to strength tobe separately evaluated. The measurement of attenuation in actual samples remains a standard challenge in the testing of materials. In particular accurate measurement of attenuation is difficult with highly variable transducer coupling. Because of material variation, as well as material inhomogeneity and anisotropy, timber presents some interesting opportunities and challenges even when compared to other structural materials such as concrete and steel.
CONCLUSIONS
The preliminary field results demonstrated the feasibility of making dry coupled ultrasonic measurements of timber under field testing conditions. These tests also showed that a measurable change in the wave speed results from the loading of the timber in either tension or compression. However, the expected stronger correlation between ultimate strength and the stressed wave speed was not supported in laboratory investigations. The measurements were performed using careful signal analysis techniques which resulted in clear separation of the wave speed from additional factors such as dispersion and attenuation. Further investigation of the correlation of measurable parameters to timber strength provides an opportunity for industrially relevant research. It is critical that this technology be built upon a strong physical understarrding of the associated mechanics. It is only with a strong understarrding of the fundamentals of the measurement that any reasonable level of reliability can be expected.
